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(57) ABSTRACT

A method for mspecting joined material interfaces, such as
butt fusion pipe joints of plastic pipes, using ultrasonic wave-
forms to discriminate between acceptable and unacceptable
interfaces. The wavelorms (amplitude vs time) having been
transmitted to a materal interface of interest are divided 1nto
a number of time zones and the amplitudes of the wavetorms
within the time zones compared against wavelorm ampli-
tudes obtained from known acceptable joined material inter-
faces to determine the quality of the material interface of
interest.

12 Claims, 5 Drawing Sheets
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METHOD FOR INSPECTING JOINED
MATERIAL INTERFACES

BACKGROUND OF THE INVENTION

1. Field of the Invention

In one aspect, this mvention relates to the mspection of
maternal interfaces for the purpose of assessing the quality of
the interface. In one aspect of this invention, this mnvention
relates to material interfaces which have been joined together,
such as by bonding, heat fusion, electrofusion and the like. In
a Turther aspect, this mvention relates to joined interfaces
between plastic pipe sections, joined interfaces between plas-
tic pipes and plastic fittings connected with the plastic pipe,
and a method for assessing the quality of the joined interfaces.

2. Description of Related Art

Plastic pipes have been in use for many years as ameans for
transporting underground utilities such as natural gas and
water from place to place. The benefits of using plastic pipe
include corrosion-resistance, ease of installation and rela-
tively low costs compared with metal pipes. Plastic pipe sec-
tions are typically joined together using butt fusion joints, that
1s, jo1nts arising from heating the plastic pipe ends and abut-
ting the heated ends to fuse the pipe ends together, and using
clectrofusion couplings. Notwithstanding the many years
during which plastic pipes have been employed, integrity of
the butt fusion joints remains a significant concern among,
users.

Currently, butt fusion joints of plastic pipes are visually
ispected and a joint 1s rejected 11 1t 1s not the proper shape.
Such visual mspection works 1n the majority of cases; how-
ever, there have been enough joint failures that the utilities
want a better mspection method. Other than careful training,
in the production of butt fusion joints and visual inspection,
there are no acceptable non-destructive mspection methods
currently available. Non-destructive methods for assessing
the quality of plastic pipe butt fusion joints 1n the past have
tended to be expensive and complex to use, rendering them
generally unacceptable. One ultrasonic method of testing butt
fusion joints was developed by some natural gas utilities 1n
the 1980’s as a result of which a guideline standard (ASTM-
F600-78) was 1ssued for the manual ultrasonic mspection of
butt fusion joints 1 polyethylene pipe. However, 1t was with-
drawn 1n 1991 because the results were so heavily dependent
upon the skill of the operator employing the method, render-
ing the results necessarily inconsistent and, thus, unreliable.
The UltraMc® ultrasonic imnspection tool, developed and mar-
keted by McElroy Manufacturing, Inc. of Tulsa, Okla., was
not a commercial success because 1t too required too much
operator expertise. In addition, the UltraMc tool had difficulty
detecting “cold joints™. One solution that has been proposed
for addressing this problem 1s removal of the butt fusion joint
bead which 1s formed during the butt fusion process, polish-
ing of the joint, and heating the joint area before applying the
ultrasonic measurements. Although commercial ultrasonic
equipment may be used by an expert operator to i1dentily
suspect butt fusion joints, the discrimination criteria vary
significantly from operator to operator. In addition, such an
approach 1s too expensive and, thus, rarely used.

SUMMARY OF THE INVENTION

Accordingly, it 1s one object of this invention to provide a
non-destructive method for assessing the quality of butt
fusion joints of plastic pipe which 1s easy to use and which
requires substantially no input by the user.
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It 1s another object of this invention to provide a method for
assessing the quality of butt fusion joints of plastic pipe which
does not require pretreatment or processing of the joints prior
to use.

It1s yet another object of this invention to provide a method
for assessing the quality of electrofusion joints of plastic
pIpeEs.

These and other objects of this invention are addressed by
a method for inspecting joined material interfaces comprising
the steps of transmitting a plurality of acoustic wavelorms
onto a joined material interface at an angle greater than 0° and
less than 90° with respect to an orientation or interface plane
of the joined matenal interface; detecting a retlected wave-
form retlected from the joined material interface for each of
the acoustic wavetorms; dividing the acoustic wavetforms into
a plurality of time zones, with each time zone beginning at a
time of detection of a corresponding reflected wavetorm and
ending after a predetermined amount of time; determining a
wavelorm amplitude for each acoustic waveform within each
time zone; comparing the waveform amplitude against a pre-
determined waveform amplitude, which predetermined
wavelorm amplitude represents a calibration amplitude for an
acceptable joined material interface; and determining a qual-
ity of the joined material interface based upon the comparison
of the wavetorm amplitude with the predetermined wavetform
amplitude.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other objects and features of this invention waill
be better understood from the following detailed description
taken 1 conjunction with the drawings wherein:

FIG. 1 1s a diagram showing a pulse/echo acoustic trans-
ducer/receiver arrangement 1n accordance with one embodi-
ment of this invention;

FIG. 2 1s a diagram showing a pitch/catch acoustic trans-
ducer/recerver arrangement 1n accordance with one embodi-
ment of this invention;

FIG. 3 1s a cross-sectional view of a pipe wall and butt
fusion joint showing the wavetorm paths occurring 1n a pitch/
catch acoustic transmission and recerving arrangement;

FIG. 4 1s a cross-sectional view of a pipe wall and butt
fusion joint showing the wavetorm paths occurring in a pulse/
echo acoustic transmission and receiving arrangement;

FIG. 5 1s a cross-sectional view of a pipe wall and butt
fusion joint showing additional possible wavetorm paths for
a pulse/echo transmission and receiving arrangement; and

FIG. 6 1s a diagram 1llustrating the zones and zone levels
for a pitch/catch wavetorm.

DETAILED DESCRIPTION OF THE PRESENTLY
PREFERRED EMBODIMENTS

This invention involves the use of ultrasonic inspection as
a means for discriminating between acceptable heat fusion
joints and unacceptable, 1.e. defective, heat fusion joints. To
achieve the desired minimal expertise and training on the part
of the operator, the method of this invention enables auto-
matic analysis of wavelforms and discrimination between
acceptable and unacceptable fusion joints. Although the dis-
cussion of this mvention 1s focused on butt fusion joints of
plastic pipe, 1t 1s to be understood that the method of this
invention may be employed in evaluating virtually any joint
material interface, including applications involving the use of
metal interfaces and iterface bonding agents and other plas-
tic pipe applications including electrofusion couplings, elec-
trofusion saddle fittings, and heat fusion socket and saddle
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fittings, and such other joint material interfaces are deemed to
be within the scope of this invention. For applications involv-
ing plastic pipe, the method of this invention 1s easily adapt-
able to different pipe diameters and different pipe materials.

Fusions between two pieces of plastic pipe may be
ispected using acoustic waves. In accordance with preferred
embodiments of this invention, such inspections are carried
out using ultrasonic wavelorms. The method of this invention
utilizes wavetorms reflected from the interface, referred to
herein as pulse/echo, wavelorms passing through the inter-
face, referred to herein as pitch/catch, or both.

FIG. 1 shows a simplified diagram of one embodiment of
the method of this invention for assessing butt fusion joints
tormed by the heat fusion of the ends of two pipe wall sections
15, 17 using a pulse/echo arrangement for transmaission and
detection of ultrasonic waveforms emitted by a transcerver
10. As shown therein, transceiver 10 emits one or more ultra-
sonic wavelforms 11 which strike butt fusion joint 12, creating
reflected wavelorms 13 which are detected by transceiver 10.
It will be appreciated that to ensure transmission of the ultra-
sonic wavelorm onto the butt fusion joint, ultrasonic wave-
form 11 1s transmitted at an angle a greater than 0° and less
than 90° relative to the orientation of butt fusion joint 12,
which, depending upon the angle employed, may require
more than two sensors. In accordance with one preferred
embodiment, the angle of transmission of the ultrasonic
wavelorm 1s 1n the range of about 40° to about 70°. In accor-
dance with a particularly preterred embodiment, as shown 1n
FIG. 1, the angle of transmission 1s about 45°. To provide the
desired angle of incidence of the wavetorms on the butt fusion
joint 12, transmitter/recerver (1.€. transceiver) 10 1s connected
with a wedge shaped element 14 connected with pipe wall 15.
One side of wedge shaped element 14 1s disposed at an angle
with respect to a horizontal of pipe wall 15 to which angled
side transceiver 10 1s connected. As well known 1n the art, the
connection may be an ultrasonic couplant. The angled side of
wedge shaped element 14 1s oriented such that wavelorms
output from transcerver 10 are incident upon butt fusion joint
12. In accordance with one embodiment of this invention,
wedge shaped element 14 1s constructed of the same material
as pipe wall 15.

FIG. 2 shows a simplified diagram of one embodiment of
the method of this invention for assessing butt fusion joints
using a pitch/catch arrangement. As shown therein, transmit-
ter 20, which 1s connected with the angled side of wedge
shaped element 14, transmits (pitch) an ultrasonic wavetform
21 which strikes and passes through butt fusion joint 12
providing a retlected waveform which 1s detected (catch) by a
separate detector or receiver 22 connected with the angled
side of a second wedge shaped element 16, also connected
with pipe wall 15.

Although depicted as single wavetorms 1 FIGS. 1 and 2,
typically there are multiple paths for the wavetorms with
reflections from various parts of the joint. This results in
complex wavelorms that are difficult for an expert to com-
pletely interpret.

FIG. 3 shows a cross-sectional view of a butt fusion joint 30
formed by two pipe wall segments 15, 17. In a properly
formed butt fusion joint, the heated ends of the pipe segments
to be joined are pushed together with adequate force such that
a portion of the heated ends 1s expelled from between the
heated ends resulting in the formation of a fusion bead 31. A
properly formed heat fusion joint will have a fusion bead
uniform 1n size and shape evenly distributed around the
joined pipe segments. FIG. 3 also shows the wavetorm paths
occurring in a pitch/catch system for properly formed butt
fusion joint.
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FIG. 4 shows a cross-sectional view of a butt fusion joint 30
formed by two pipe wall segments 15, 17. In the embodiment
of the mnvention shown 1n FI1G. 4, a pulse/echo arrangement of
the acoustic transmitter and recetver 1s employed for genera-
tion of the wavetform paths. Also shown in FIG. 4 15 a defect
32 and the impact of the defect on the wavetorm paths. FIG.
5 shows the wavetform paths occurring within wedge shaped
clement 14 under conditions where the interface between the
wedge shaped element and the pipe wall 1s less than accept-
able.

The method of this mnvention divides the wavetforms (am-
plitude vs time) produced by the ultrasonic equipment into a
plurality of time zones. FIG. 6 shows one example of the time
zones as discussed in more detail herein below for an ultra-
sonic wavelform 1n accordance with one embodiment of this
imnvention. As shown therein, the time zones do not have to
cover all of the waveform. Wavelorms from acceptable butt
fusion joints will have a limited range of amplitude values 1n
cach time zone. Wavelorms from unacceptable butt fusion
joints will have amplitude values outside the acceptable limits
within some of the time zones. Combiming the results from all
of the time zones permits discrimination between the accept-
able and unacceptable butt fusion joints. In some cases, the
method of this 1invention may even be used to identity the
specific flaw or flaws 1n the joint. It will be appreciated that
the method of this invention may be used with acoustic wave-
forms other than ultrasonic waveforms and may be used 1n
other applications.

FIG. 6 shows exemplary zones and zone levels for a pitch/
catch waveform. The shaded areas represent the zones and
pairs of bars across each zone represent the amplitude ranges
for an acceptable butt fusion joint. In this example, each zone
has two pairs of bars, one for the positive portion of the
wavelorm and the other for the negative portion of the wave-
form. The zones are derived based upon an assumption that
ultrasonic waves propagate as rays. A ray diagram of the
wavelorm paths 1n the polyethylene wedge shaped element
14 and the pipe wall 15 1s shown 1n FIG. 3. Measurements of
the velocity of sound were used to predict the time of arrival
for each waveform path. The time of arrival represents the
start of the time zone. The 1nitial wave propagating into the
material 1s not a delta function, but rather 1s composed of
multiple cycles. In this example, the mitial waveform was 5
cycles of a 2.25 MHz resonant frequency of the sensor. The
length of the zones was selected to be 2.2 microseconds long
(corresponding to 5 periods of a 2.25 MHz sine wave). When
zones overlap as shown in FIG. 6, some of the zones are
shortened. Typically, the criteria for selecting which zone to
shorten can be based on the most physically meaningtul wave
path. However, 1t may also be selected by processing the
wavelorms to determine which gives the best results.

In this example, following selection of the time zones, the
next step was to produce butt fusion joints of the approprate
quality and collect, 1.e. detect, the waveforms derived from
application of the ultrasonic wavetorms to the butt fusion
joints. Nine joints were produced including joints of accept-
able quality as determined by visual inspection and joints
having intentionally introduced flaws. The purpose of this
step was to establish the criteria against which measurements
made on subsequent butt fusion joints for a given material and
material thickness could be compared. In practice, such cri-
teria will already have been entered into the system employed
for assessing the quality of the butt fusion joints.

In the case of butt fusion joints, we have 1dentified thirteen
possible wavetorm paths as shown in FIGS. 3,4 and 5—seven
paths 1n the pulse/echo wave, four in the pitch/catch wave,
and two 1n the wedge itself 1f the coupling of waves from the




US 7,938,007 B2

S

wedge 1nto the pipe 1s bad. From the nine joints, we collected
53 wavelorms, thirteen of which were considered to be from
acceptable fusion joints. The wavelorms were then processed
by a program to determine the range of amplitudes in each

time zone. The amplitudes fell within two ranges for each of 3

the thirteen time zones—one range for positive excursions of
the wave, represented by the pair of bars in the positive
amplitude range as shown 1n FIG. 6, and one range for nega-
tive excursions of the wave, represented by the pair of bars in
the negative amplitude range also shown 1n FIG. 6. The result
was twenty-six amplitude ranges for use 1n comparing the
results obtained from other butt fusion joints. The wavelorms
are not symmetric, thus the values of positive and negative
excursions are not necessarily the same.

Following 1identification of the twenty-six amplitude
ranges, a twenty-six element vector was formed using both
ranges 1n each time zone, assigning a value of +1 11 the wave
amplitude exceeds the range, 0 11 the wave amplitude 1s within
the range, and —1 1f the wave amplitude 1s below the range. A
computer program was used to automatically determine
which value (+1, 0, —1) applied for each of the twenty-six
ranges. An acceptable joint should be 0 for all twenty-six
vector elements. We then ran the 353 waveforms that we had
previously collected through the computer program and com-
pared the results against visual mspection and known intro-
duced flaws. The vector predictions accurately 1dentified 48
ol the 53 wavetorms. In those cases 1n which the prediction of
joint quality differed from that predicted by the 26 element
vector, we believe that some of the wavetforms visually clas-
sified as acceptable are, in fact, unacceptable. Thus, the
method of this invention enables the use of simple +1, 0, -1
criteria for the amplitude values. It 1s, however, possible to
make use of the amount the amplitude falls outside of the
range and/or to weight the values of the vector elements.

We have applied the method of this invention to different
polyethylene materials with different pipe wall thicknesses
and, after adjusting the time zones and ranges (high density
polyethylene has different velocity of sound and attenuation
than medium density polyethylene), we found that the
method worked equally well 1n both cases.

It will be appreciated that amplitudes of various portions of
the wavelorms are affected by transmission/reflection prop-
erties of the fusion plane and by the shape of the inner and
outer beads formed by the fusion process. It 1s possible 1n
some cases to look at the type and location of a flaw and
estimate whether the amplitude 1n some zones should be
greater or smaller than for an acceptable joint. In other cases,
the shape of the beads and the transmissive properties of the
fusion plane are too complex to make a prediction. As an
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initial test of typing capability, we used the method of this
invention to type flaws 1n the butt fusion joints and we found
that the method could be successiully used for several types
of flaws. Tables 1, 2 and 3 show the elfectiveness of this
method and provide the results of a few of the classifications.
For most flaws, several values of the vector are not 0; that 1s,
the rejection results are robust. The first set of letters A
through G corresponds to pulse/echo paths where the ampli-
tudes are positive. The second set corresponds to pulse/echo
paths where the amplitudes are negative. H and I refer to
ultrasonic paths entirely 1n the wedge. The first set ol numbers
5, 8, 11, and 12 corresponds to pitch/catch paths where the
amplitudes are positive. The second set corresponds to pitch/
catch paths where the amplitudes are negative. Each row
vector corresponds to a pipe section where the wavelform was
measured.

Readings are collected at several positions around the cir-
cumierence of a butt fusion joint. Each vector represents the
results at one position. As previously indicated, fifty-three
vectors were generated from nine butt fusion joints. Table 1
shows the results obtained from ten positions around a butt
fusion joint which was determined by visual imnspection to be
acceptable. Because the measurements at each of the ten
positions represent a good butt fusion joint, all of the values in
each vector are zero.

Table 2 shows the results obtained from five positions
around a butt fusion joint at which positions one or more
objects are discontinuities in the fusion plane were present.
These flaws 1n the fusion plane ranged from a single blade of
grass to a thin sheet of plastic having properties dissimilar to
the properties of the polyethylene pipe being fused. Discon-
tinuities in the fusion plane cause an increased reflection in
the pulse/echo wavelorm for positive values of vector D and
a corresponding decrease in transmission through the fusion
plane at both positive and negative values of vector 5.
Depending on the causes of the discontinuities, there are
increases 1n amplitude at vector values for E and decreases 1n
amplitude at vector values for 8.

Table 3 shows the vectors collected at s1x positions around
the same butt fusion joint. This joint was made by properly
preparing and heating the pipe ends; however, the two pipes
were misaligned upon being fused together. This misalign-
ment resulted 1n variations in joint quality around the joint
circum{ierence. Fach vector has non-zero values, which indi-
cates that the fusion was bad at all positions. The non-zero
values are at different elements of the vector because the
ollset atlects the bead shape differently at different positions.
Thus, there 1s no obvious pattern in the vectors around the
circumierence of the fusion joint.

TABLE 1

Vectors for Good Butt Fusion Joints

A B C D E
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2

Vectors for Joints with One or More Foreign Objects in the Fusion Plane

A B C D E F G H 1 5 8 11 12 A B C D E F G H I 5 8 11 12
0 -1 0 1 O 0 0 1 -1 -1 0O -1 © 0 0 1 1 -1 0 0 0 -1 -1 0 0]
0 -1 0 1 O 0 0 0 -1 -1 0 O O 0 0 1 1 o 0 o 0 -1 -1 0 0]
0 0 0 O 0O 0 0 1 - 0 1 1 0O O 0 0 0 O 0 0 0 - 0 1 1]
0 0 -1 O 0O 0 0 1 -1 -1 O O O 0 0 0 1 o 0 o 0 -1 -1 0 0]
0 0 0 O 0O 0 0 0 -1 -1 0 O O 0 0 0 1 o 0 O 0 -1 -1 0 0]
TABLE 3
Vectors for Misalienment of Pipe Ends
A B C D E F G H 1 5 R 11 12 A B C D E F G H 1 5 8 11 12
0 O -1 0 0O 0 -1 0 0 =1 0 O -1 0 0 =1 © | 0 1 O 0 -1 1 0 0O
0 -1 O O 0 0 -1 0 1 0 0O 0O O 0 0 0 0 1 O 0 0 0 0 0O 0 O
0 0O -1 0 0 0 0 0 1 0 0 O O 0 0 1 O 1 O 0O 0 0 0 0O 0 0O
0 O O 0 0 0 0 0O 0 0 1 -1 0O 0 0 O 0 0O O 0 0 0 o 1 -1 -1
0 -1 O 0 0 0 0 0 1 -1 0O 0O 0 1 0 0 0 1 o O o0 0 -1 0 0 0O
0o -1 -1 0 0 0 -1 0 1 0 1 O O 0 0 0 0 1 O 0 0 0 0 0O 0 0O

While 1n the foregoing specification this invention has been
escribed 1 relation to certain preferred embodiments
hereol, and many details have been set forth for purpose of
llustration, 1t will be apparent to those skilled 1n the art that
he 1nvention 1s susceptible to additional embodiments and
hat certain of the details described herein can be varied

considerably without departing from the basic principles of
the 1nvention.

i e S e e S g TN

We claim:
1. A method for inspecting joined material interfaces coms-
prising the steps of:

transmitting a plurality of acoustic wavetforms onto a
joined material interface at an angle greater than 0° and
less than 90° with respect to an orientation of said joined
material interface;

detecting a reflected wavelorm reflected from said joined
material interface for each of said acoustic wavetorms;

dividing said acoustic wavetforms into a plurality of time
zones, each said time zone beginning at a time of detec-
tion of a corresponding said reflected waveform and
ending after a predetermined amount of time;

determining a wavetform amplitude for each said acoustic
waveform within each said time zone;

comparing said waveform amplitude against a predeter-
mined wavelorm amplitude, said predetermined wave-
form amplitude representing a calibration amplitude for
an acceptable said joined material interface; and
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determining a quality of said jomned material interface
based upon said comparison of said waveform ampli-
tude with said predetermined waveform amplitude.

2. The method of claim 1, wherein said acoustic wavelorm
1s an ultrasonic waveform.

3. The method of claim 1, wherein said joined material
interface comprises a plastic material.

4. The method of claim 1, wherein said joined material
interface 1s a fusion joint.

5. The method of claim 1, wherein said joined material
interface 1s a fusion joint selected from the group consisting
of heat fusion joints, electrofusion joints, and combinations
thereof.

6. The method of claim 1, wherein said joined material
interface 1s a butt fusion joint.

7. The method of claim 6, wherein said joined material
interface comprises two sections of plastic pipe.

8. The method of claim 7, wherein said plastic pipe 1s a
polyethylene pipe.

9. The method of claim 1, wherein a transmitter of said
acoustic wavelorm and a detector of said retlected wavetorm
are disposed 1n a pulse/echo arrangement.

10. The method of claim 1, wherein a transmaitter of said
acoustic wavelorm and a detector of said retlected wavetform
are disposed 1n a pitch/catch arrangement.

11. The method of claim 1, wherein said angle 1s 1n a range
ol about 40° to about 70°.
12. The method of claim 1, wherein said angle 1s about 45°.
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